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INTRODUCTION  
Once epithelial cells are extracted from the limbus and
subsequently cultured in vitro, the stem-property of limbal
epithelial cells may change, compared with the cells in vivo
niche. Additionally, the stem-cell niche of the limbal epithe-
lial cells can be affected by how they are cultivated in vitro;
either with 3T3 co-culture or on amniotic membrane (AM).
Especially, freeze-dried AM, which is recently used for ocu-
lar surface reconstruction (1), might affect the characteris-
tics of stem-property of the limbal epithelial cells when it is
used in the cell culture, compared with cryopreserved AM. 
Phenotypic characterization of the putative limbal stem
cells has been recently reported. Semiquantitative immuno-
histochemical staining revealed keratin 14/19, EGF recep-
tor, integrin α9, p63, integrin beta 1, ATP-binding casette,
subfamily G, member 2 (ABCG2), and nestin as possible
positive markers and keratin 3/12, E-cadherin, involucrin,
nestin, connexin 43, and Hoechst 33342 as possible nega-
tive markers for limbal stem cells (2-11). 
Therefore, to understand the effect of in vitro niche on
the stem-property of limbal epithelial cells, we evaluated the
changes in expression of p63 and ABCG2 as the putative
stem cell markers, and cytokeratin 3 and connexin 43 as dif-
ferentiation markers when cultured on 3T3 feeder or AMs
which is either freeze-dried or cryo-preserved.
MATERIALS AND METHODS 
The cultivation of human limbal epithelial cells in different
culture condition
In accordance with the tenets of the Declaration of Helsin-
ki and with proper informed consent, 30 human corneoscle-
ral rims were obtained within 8 hr after penetrating kerato-
plasty. Each tissue was treated with 0.05% trypsin and 0.01%
ethylenediaminetetraacetic acid (EDTA) at 37℃ and then
collected every 20 min for 4 times. NIH/3T3 (ATCC, Man-
assas, VA, U.S.A.) for a feeder layer was treated with 4 μ g/mL
of mitomycin C (Sigma, St. Louis, MO, U.S.A.) at 37℃ for
2 hr and was plated in 80% of confluence for co-culture with
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Efficient Cultivation Conditions for Human Limbal Epithelial Cells 
To compare the stem niche in different culture conditions of limbal epithelial cells,
the suspended human limbal epithelial cells (HLECs) were seeded on the 3T3-pre-
treated plates and the other suspended cells were plated on amniotic membranes
(AMs) which were either cryo-preserved or freeze-dried. All were cultured for 10 to
12 days. Reverse transcription-polymerase chain reaction (RT-PCR) for ATP-bind-
ing casette, subfamily G, member 2 (ABCG2), p63, cytokeratin 12, and connexin
43 were performed in cultivated HLECs and their expression levels were com-
pared. The mRNA expression of all markers examined showed no statistically sig-
nificant differences between the cells on cryo-preserved and on freeze-dried AM.
The expression of p63 and cytokeratin 12 in cultivated cells on AMs were signifi-
cantly lower than those in 3T3-cocultured cells on RT-PCR and immunofluorescent
staining. Cultivated HLECs on AMs showed reduced proliferation and differentia-
tion while maintaining stem-property regardless of the preservative method of AM. 
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epithelial cells. 
Harvested human limbal epithelial cells (HLECs) were
seeded on the pre-treated 3T3 feeder containing plates with
the number of 8.8×103 cells/cm2, or were plated on AMs,
either cryo-preserved AM or freeze-dried AM (AmniSite-
Cornea, Bioland Ltd, Cheonan, Korea), with the number of
8.7-26×104 cells/cm2 These cells were primarily cultured
with the supplemented hormonal epithelial medium (SHEM)
containing DMEM/F12 2:1, 10% fetal bovine serum (FBS),
epithelial growth factor (EGF) 10 ng/mL, insulin 5 μ g/mL,
0.1 nM choleratoxin, penicillin-streptomycin 50 IU/mL,
0.18 mM adenine, 4 mM glutamine, hydrocortisone 0.4 μ g/
mL, and 2 nM triiodothyronine for 10 to 12 days. Cryo-pre-
served AMs, which were prepared by the methods previous-
ly mentioned (12), or freeze-dried AMs were fixed in either
Millicell-CM (Millipore Corp., Bedford, MA, U.S.A.) or tissue
inserter (Bioland Ltd). Epithelial cells of AMs were scraped
with a cell scraper (Costar, Columbia, MD, U.S.A.).
The relative expression of the stem cell markers or differ-
entiation markers in cultivated limbal epithelial cells using
reverse transcription-polymerase chain reaction (RT-PCR) 
Total RNA was extracted from cultivated HLECs with 1
mL of Easy Blue
� reagent (Intron Bio-Technologies, Seoul,
Korea) following the manufacturer’s protocol. RT-PCR (Pelti-
er Thermal cycler PTC-200, MJ Research, Watertown, MA,
U.S.A.) was performed using 1 μ g total RNA in aliquots
and PCR products were harvested when the amplification
was in the mid-log phase after checking the kinetics of PCR
reaction for each of the primer related genes. PCR was car-
ried out at 95℃for 5 min then 35 cycles of 95℃for 60 sec,
60℃ for 60 sec and 72℃ for 60 sec, ant finally at 72℃ for
60 sec. The primers for human ABCG2, p63, connexin 43,
cytokeratin12, and GAPDH were described in Table 1. All
products were separated by 2% agarose gel electrophoresis
and visualized with 0.05 mg/mL ethidium bromide. Semi-
quantitative analysis was done using the ratio of ABCG2,
p63, cytokeratin 12, and connexin 43 to GAPDH measured
by image analyzer (Vilber lourmat, Marne-la-Vallee, France)
and densitometry (Tina 2.0, Raytest, Straubenhardt, Ger-
many). They were measured more than triplicates.
Immunocytochemistry for the cultivated epithelial cells on
AMs 
Immunocytochemistry for the cultivated HLECs on cryo-
preserved AM and 3T3 feeder layer was done after fixation
with cold methanol (for nuclear protein staining) at 4℃ for
10 min or 10% neutral buffered formalin (A5472, Sigma-
Aldrich, St. Louis, MO, U.S.A.) at 4℃ overnight (for stain-
ing of cell membrane protein and cytoplamic protein). After
blocking with 5% normal goat serum in phosphate buffered
solution (PBS) for 30 min, primary monoclonal antibodies
against nuclear p63 (1:100) and cytokeratin 12 (1:100) were
applied and incubated overnight at 4℃. Secondary anti-
bodies were then applied, followed by counterstaining with
Hoechst 33342 DNA binding dye. 
Statistics 
Statistical analysis was performed using Sigmaster ver 1.0:
SPSS software (Chicago, IL, U.S.A.). A non-parametric Mann-
Whitney U test was used to evaluate the level of significance
of differences for semi-quantitative comparison of RT-PCR
results in each group. To evaluate the differences in mRNA
expression between the amniotic membrane groups and 3T3
feeder group, we averaged the results of RT-PCR in the cry-
opreserved and freeze-dried AM groups and then compared
it with those in the 3T3 feeder group. Significance was set
at p<0.05. 
RESULTS
HLECs seemed to slowly grow on AMs (Fig. 1A, B), com-
pared with those cocultured with 3T3 feeders (Fig. 1C). The
relative expression of mRNA of p63 and cytokeratin 12 of
Primers Bas pair
Human ABCG2  5′ -GGT TTC CAA GCG TTC ATT CAA A-3′ (forward) 110 bp
5′ -TAG CCC AAA GTA  AAT GGC ACC TA-3′ (reverse)
Human p63 5′ -CAG ACT CAA TTT AGT GAG-3′ (forward) 440 bp
5′ -AGC TCA TGG TTG GGG CAC-3′ (reverse)
Human connexin 43   5′ -GCG TGA GGA AAG TAC CAA AC-3′ (forward) 506 bp
5′ -GGG CAA CCT TGA GTT CTT CC-3′ (reverse)
Human cytokeratin  5′ -CTA CCT GGA TAA GGT GCG AGC T-3′ (forward) 211 bp
5′ -TCT CGC ATT GTC AAT CTG CA-3′ (reverse)
Human GAPDH  5′ -GAA GGT GAA GGT CGG AGT CAA CG-3′ (forward) 598 bp
5′ -GCG GCC ATC ACG CCA TTT C-3′ (reverse)
Table 1. The primers that was used in RT-PCR (GenoTech, Daejeon, Korea)
RT-PCR, reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.866 M.K. Kim, J.L. Lee, J.Y. Oh, et al.
HLECs cultured on AM were significantly lower (p=0.028,
0.004) than those of 3T3-cocultured cells (Fig. 1D, F). The
mRNA expression of all markers examined showed no sta-
tistically significant differences between the cells on cryo-
preserved and on freeze-dried AM (Fig. 1E). 
Immunocytochemistry showed low expression of p63 and
cytokeratin 12 in cultivated limbal cells on AMs, compared
to the cells on the pretreated 3T3 feeder (Fig. 2, 3). 
Fig. 1. Cultivated limbal epithelial cells on amniotic membranes (AMs) for 11 days. The limbal epithelial cells on cryopreserved AM (A) or
freeze-dried AM (B) were slowly growing, compared with those with 3T3 feeders (C). Original magnification ×200. (D) RT-PCR results in
limbal epithelial cells cultivated on cryopreserved (lane A) and freeze-dried amniotic membrane (lane B) or with 3T3 feeders (lane C). (E)
The expression of all of them did not show any differences in cultivated epithelial cells between on cryo-preserved amniotic membrane
and freeze-dried amniotic membrane. (F) The relative expression of mRNA for P63 and cytokeratin 12 was significantly lower in epithelial
cells cultivated with amniotic membrane including both cryo-preserved and dried-freeze AM (p=0.028 for p63, 0.004 for cytokeratin 12,
Mann Whitney U test) than that of 3T3-cocultured cells. 
Conx 43, connexin 43; CK 12, cytokeratin 12. Arrow means the location of band for ABCG2 (110 bp).
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DISCUSSION 
We investigated the effect of different culture conditions
on the stem-property of limbal epithelial cells. Recently, the
phenotypic expression of the cultivated epithelial cells on AM
had been thoroughly investigated (13-21). A lot of reports
showed that the AM provided the stem-niche-like environ-
ment (15-21). In fact, the cells on AM tend to grow slowly
compared with those cocultured with 3T3 feeder layers, sug-
gesting AM may have an effect on the differentiation of the
stem cells. Our results showed that the cells on AM expressed
lower level of p63 and cytokeratin 12, compared with those
cultivated with feeder layer, and it suggests the stem niche-
like property of AM which provide less proliferative and less
differentiating condition. The effects of AM on the HLECs
were not different in the expression of ABCG2, p63, cytok-
eratin 12, and connexin 43 between cryopreserved and freeze-
dried AMs. The composition of amniotic basement mem-
brane more closely resembles the conjunctival basement mem-
brane than the corneal basement membrane (22). This prop-
erty of AM might be also involved in the stem-niche for the
limbal stem cells. In fact, fibronectin and laminin were report-
ed to be apparent in both cryo-preserved AM and freeze-dried
AM even though the amount of type III collagen was less in
freeze-dried AMs (23). Therefore, extracellular matrix of AM
related to basement membrane seems to be less influenced
by the preservative method, in contrast to the epithelium
dose (23).
The proliferation rates of the cells in both cryo-preserved
AM and freeze-dried AM are slower than that in the feeder
alone. It took about 3 weeks for the cells in both cryo-pre-
served and freeze-dried AMs to reach upto 80% confluency,
while it took less than 2 weeks for the cells with feeder alone.
The stem property of the cells may be time-dependent in
vitro microenvironment. Therefore, more numbers of the
cells were seeded on AMs with the number of 8.7-26×104
cells/cm2 compared with that in feeder-cocultured cells. Cell
density may also affect the proliferation rate in vitro culture.
Low cell densities in vitro culture of neural precursor cells
are reported to be associated with higher proliferation (24).
However, considering initial differences of proliferation rate,
this comparison is reasonable although the density-related
effect is not totally excluded. 
In conclusion, cultivation on the AM tend to reduce pro-
liferation and differentiation potential maintaining stem-
niche regardless of the preservative method of AM (cryo-pre-
Fig. 2. Immunocytochemistry for p63 in cultivated limbal cells on the cryopreserved amniotic membrane (A) and 3T3 feeder payer (C).
Low expression of p63 was noted in the cells cultured on AM. (B, D) Hoechst counterstaining. 
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served or freeze-dried). It can be applicable for the further
cell transplantation without the need of any xeno-sources like
3T3 feeders to keep the stem-properties of the niche using
AM. 
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